The film and interface structures of epitaxial silicon oxynitride (SiON) thin film grown on a SiC(0001) surface were investigated by photoelectron diffraction. Forward focusing peaks (FFPs) corresponding to the directions from the photoelectron emitter atom to the surrounding atoms appeared in the photoelectron intensity angular distribution (PIAD). By comparing N 1s PIAD with those of Si 2p and C 1s, we confirmed that the nitrogen atoms at SiON/SiC interface replace carbon atoms at stacking fault sites. Two kinds of oxygen atom sites exist in the previously proposed model [T. Shirasawa et al.: Phys. Rev. Lett. 98, 136105 (2007)]. FFP corresponding to Si-O-Si perpendicular bonds was observed in the O 1s PIAD, while diffraction rings were observed in the KLL Auger electron intensity angular distribution (AIAD), which were attributed to the diffraction patterns from outermost oxygen sites. Furthermore, O Kedge X-ray absorption spectra combined with AIAD were analyzed. An electronic structure specific to each oxygen atom site was successfully separated.
Introduction
The development of power devices is an urgent contemporary issue. Silicon carbide (SiC) is a key material for finding such a solution owing to its wide band gap, high break down field, and high electron mobility. 1) Furthermore, thermal silicon oxide layers can be grown on SiC, which is common to Si surfaces. Accordingly, processing techniques in the Si industry is applied to SiC device fabrications. In reality, the conventional oxide films have a few nm-thick transition layer at the interface, which seriously affects the transport property.
2) An epitaxial silicon oxide layer with an atomically sharp interface was reported.
3) However, the epitaxial silicon oxide layer on SiC(0001) has a dangling bond per unit cell at the interface. 3, 4) This problem is expected to be solved by nitrogen incorporation leading to the formation of an epitaxial oxynitride (SiON) layer that completely lifts the interfacial dangling bond. 5) Nitrogen atom, which have one lone pair electron more than the oxygen atom, removes the interface defect state.
Shirasawa et al. have reported an investigation of a new stable epitaxial SiON thin film on 6H-SiC(0001) 6) by scanning tunneling microscopy and low energy electron diffraction (LEED) I-V measurements. They suggested an atomic structure model of the epitaxial SiON thin film on SiC(0001) that consist of Si 2 O 5 thin film, a Si 2 N 3 layer at the interface, and a SiC substrate. In addition, in the Si 2 O 5 thin film, tridymite-and cristobalite-like 180°Si-O-Si bonds coexist with quartz-like 144°Si-O-Si bonds. The danglingbond free interface was achieved in their model. Recently, vertical atomic layer distances have been confirmed by X-ray diffraction. 7) It is essential to characterize local electronic structures to understand the origin of the epitaxial SiON thin-film stability. The atomically abrupt band offset at the interface of SiON/ SiC(0001) was confirmed by X-ray absorption spectroscopy (XAS) and X-ray emission spectroscopy (XES) together with theoretical calculation. 8) XAS measurements were performed in the total electron yield (TEY) and Auger electron yield (AEY) detection modes. AEY detection was expected to be more surface sensitive than TEY detection due to the finite mean escape depth of Auger electron. Two kinds of oxygen atoms were placed at sites of different depth in the oxide layer. However, the surface sensitivity difference in XAS by the AEY and TEY detection modes was not sufficient to resolve the electronic structure for two different oxygen sites then.
Photoelectron diffraction is a powerful element-selective atomic structure analysis method, which has direct access to buried subsurfaces and interfaces without destroying surfaces. Site-specific X-ray photoelectron spectroscopy (XPS) and XAS can be obtained by analyzing forward focusing peaks (FFPs) and diffraction patterns as site specific probes. For example, the electronic and magnetic structures of each atomic layer of a Ni thin film was investigated using atomic layer specific FFPs for resolving site-specific XAS spectra. 9, 10) In an previous work, 11) we measured Si 2p and C 1s PIADs from the vicinal 6H-SiC(0001) substrate with an epitaxial SiON thin film. There are two different Si and C sites in SiC crystals owing to stacking faults. Owing to the anisotropic step bunching along the [11 " 20] direction resulting in a preferential appearance of terraces with one type of local atomic site, 12) threefold symmetric photoelectron intensity angular distributions (PIADs) predominantly originating from top layers were obtained. We developed a numerical method of deducing PIAD from each site by solving an inverse matrix. In this work, we investigated the atomic and electronic structures of the epitaxial SiON thin film by photoelectron/Auger electron diffraction and spectroscopy. N 1s PIAD from epitaxial SiON thin film also showed threefold symmetry. The structure of nitrogen atoms occupying carbon stacking fault sites at the SiON/SiC interface was confirmed. We succeeded in characterizing the atomic and electronic structures of individual oxygen sites by combining Auger electron intensity angular distribution (AIAD) measurements and XAS.
Experiments
The experiments were performed at the circularly polarized soft-X-ray beamline BL25SU of SPring-8, Japan.
13) The epitaxial SiON thin film was grown on the 6H-SiC(0001) surface with an off angle of 4°towards the [1 " 100] direction.
11) The sample was introduced into an ultra-high vacuum chamber and no further sample surface treatment was applied. All experiments were performed at room temperature.
PIADs from the sample were measured using a twodimensional display-type spherical mirror analyzer (DI-ANA). [14] [15] [16] The acceptance angle of the analyzer was AE60°. Circularly polarized light was incident along the direction 45°o ff the surface normal in the O 1s PIAD measurement, while normal incident geometry was used for all the other measurements. In the case of normal incidence, the emission angle (ª) dependence from 45 AE 60°relative to the surface normal was measured simultaneously. By scanning the sample azimuth over 360°, 2-steradian PIAD data were collected. A set of 2 steradian PIADs excited by þ and À helicity lights was measured by switching the path of storage ring electrons in twin helical undulators at 0.1 Hz. 17) Angleresolved constant-final-state (CFS) mode photoelectron spectra and X-ray absorption spectra were obtained by varying photon energy at a fixed kinetic energy.
The density of states and molecular orbital calculations were performed using the first-principles program SCAT, a discrete varitional X molecular orbital method, 18) to interpret the experimental results. The molecular orbital result was explained by the Mulliken method. The final values of electrical densities were calculated until the result converges to the initial value assumed before the numerical basis function was obtained. Figure 1 shows the angle-resolved CFS-mode photoelectron spectra at a kinetic energy of 600 eV. Substrate components (Si 2p and C 1s) and epitaxial SiON thin-filmspecific components (N 1s and O 1s) were observed. The peak intensity ratio of N 1s to O 1s was smaller under the surface-sensitive grazing angle condition. This result indicates that the oxide layer was grown on the nitride layer.
Results and Discussion
We have measured the 2-steradian Si 2p and C 1s PIADs with a photoelectron kinetic energy at 600 eV using photon energies of 708 and 889 eV, respectively. In the bulk crystal, pairs of mirrored local atomic sites with respect to the f1 " 100g plane exist and the chemical environments surrounding each site are equivalent. However, all the measured patterns showed a threefold symmetry owing to the anisotropic step bunching along the [11 " 20] direction resulting in a preferential appearance of terraces with one type of local atomic site. 12) Taking the finite inelastic mean free path of photoelectrons into account, photoelectron patterns for one kind each of the Si and C atom sites were successfully derived. 11) Figure 2 (a) shows the C 1s PIAD from one kind of atomic site near the interface. The surface normal direction at the center of the PIAD matches the sample rotation axis. The raw data were normalized by their polar angle intensity profile obtained by averaging their azimuthal intensity variations. The inhomogeneity of the detector can be removed during this normalization. The pattern in the normal direction disappears after this procedure. N 1s PIAD [ Fig. 2(b) ] with a photoelectron kinetic energy of 600 eV was measured using an excitation photon energy of 1003 eV. However, the signal-to-background ratio at N 1s was very small because of the energy-loss electron background as shown in Fig. 1 . We measured the background PIAD, which has the same kinetic energy and excitation photon energy that is 20 eV lower than that of N 1s. A primary N 1s PIAD pattern was obtained by subtracting this background pattern in order to remove undesired energy-loss effects. 19) The N 1s PIAD pattern was compared with the Si 2p [ Fig. 3(b Fig. 2(a) ] PIAD patterns. Note that the C 1s PIAD pattern for the topmost SiC unit site has a similar feature to the N 1s PIAD pattern, but is mirror symmetric with respect to the f1 " 100g plane. Three FFPs Fig. 1 . Angle-resolved constant final state mode photoelectron spectra of the epitaxial SiON thin film on 6H-SiC(0001). The photoelectron kinetic energy was fixed at 600 eV and photon energy was varied. The intensity was normalized by C 1s peaks. The signal-to-background ratio at N 1s was 0.07. corresponding to the first-nearest-neighbor atoms indicated by circles as well as three FFPs corresponding to the secondnearest-neighbor atoms indicated by dots were observed in the h11 " 1i and h011i directions in the C 1s PIAD, respectively. 11) In contrast, FFPs corresponding to the first-and second-nearest-neighbor atoms in N 1s PIAD were observed in the directions mirror-symmetric with respect to the f1 " 100g plane. These results indicate the substitution of carbon atoms with nitrogen atoms at a stacking fault site, as shown in Figs. 2(d) and 2(e) . Although a nitrogen atom form three Si-N bonds with two Si atoms above and one Si atom directly beneath, there are three nitrogen atoms in one unit cell at the interface resulting in a three-fold symmetric PIAD pattern. This is also shown in the simulated pattern in Fig. 2(c) , and the atomic configuration observed around the nitrogen atom is in agreement with that observed in the N atom site in the epitaxial SiON thin film, as shown in Figs. 2(e) and 2(f ). These observations are in good agreement with the suggested atomic structure model by Shirasawa et al. 6) The FFP directions from the emitter atom to the scatterer atoms in the PIADs obtained using different helicity lights rotate around the incident light axis. The rotation angle Á is well described by Daimon's formula:
where m and k are the magnetic quantum number and the wave number of photoelectron, respectively. R is the interatomic distance between the emitter and scatterer atoms, and out is the angle between the incident photon direction and the outgoing direction of the emitted photoelectrons. In general, the effective magnetic quantum number m Ã is used, 20) considering the contribution of the transition probability from different m core initial states at a particular angle. In the case of O 1s excitation, m Ã is 1. Figure 3(a) shows the circular dichroism in O 1s photoelectron angular distributions (CDADs) from the Si 2 O 5 layer. The photoelectron kinetic energy was 600 eV and the excitation photon energy was 1138 eV. Red cross indicates the direction of incident circularly polarized light. The white and black pattern at the center is the result of an FFP rotational shift. Here we show that this feature is well reproduced by photoelectron diffraction simulation. We used a multiple scattering simulation code, TMSP, developed by one of our authors (T. Matsushita). 21 ) O 1s PIADs excited by þ and À helicity circularly polarized lights from a Si-O-Si linear cluster with a Si-O bond length of 0.163 nm were simulated, and a CDAD pattern was obtained. Note that the observed CDAD pattern is exactly reproduced in the simulated pattern shown in Fig. 3(b) . An oxygen photoelectron emitter atom corresponds to the atom indicated as O2 in the third layer, as shown in Fig. 3(c) . The FFP circular dichroism pattern in the [0001] direction correspond to the Si atom indicated as Si1 in the second layer. Dots in Fig. 2(b) correspond to O2 atoms seen from the N atom at the interface. Therefore, we succeeded in the direct observation of the 180°Si-O-Si bond. Figure 4 (a) shows an O KLL 2-steradian AIAD with a photoelectron kinetic energy of 504 eV and an excitation photon energy of 540 eV. The measured O KLL AIAD is in good agreement with the simulated pattern shown in Fig. 4(b) for the epitaxial SiON structure model shown in Fig. 4(c) . The six FFP patterns indicated by black dots at a polar angle of 36°correspond to O1 atoms in the first layer seen from the O2 atom in the third layer. The other diffraction patterns can be explained by the overlaps of diffraction rings indicated as R1, R2, and R3. These diffraction rings correspond to the in-plane O-O atom scatterings of r1, r2, and r3 indicated in Fig. 4(c) .
Finally, we measured the O K-edge XAS at normal incidence and emission polar angles from ¹15 to 90°. Figure 5(a) shows the emission angle dependent XAS every 10°from 5 to 85°. In the previous work, the XAS data obtained in the TEY and AEY detection modes did not show much difference. 8) On the other hand, we succeeded in detecting a gradual change as function of emission polar angle, as shown in Fig. 5(a) . The intensity variation was 2% at a photon energy of 538 eV and the energy position of the absorption maximum at approximately 540 eV was shifted by 0.2 eV. Since the mean escape depth of Auger electrons varies by emission angle, the spectral changes suggest the difference in the local electronic structure between the first-and thirdlayer oxygen atom sites.
Therefore, we analyzed the emission-angle-resolved XAS data to obtain information specific for each site. The measured intensityÎ x for the emission angle x is the sum 8) of Auger electron intensities from the first-and third-layer O atoms and can be expressed aŝ
where d is the depth of the third-layer oxygen atom site (0.215 nm) and is the Auger electron inelastic mean free path (1.79 nm). In order to separate the spectra for the firstand third-layer O atom sites, I 1 st and I 3 rd , respectively, we solved the following equation:
Each layer spectrum obtained from this equation is normalized per atomic site. The separated XAS data for the first-and third-layer O atom sites are shown in Fig. 5(b) as the black open circles and red solid squares, respectively. The absorption edge is at 536.2 eV (peak ¡) in both spectra. A broad peak appeared at 539.3 eV (peak £) in the first layer spectrum, while two absorption peaks were observed at 538.1 eV (peak ¢) and 540.5 eV (peak ¤) in the third-layer spectrum. Note that the edge energies of both spectra were the same. This result coincides with the calculation results suggesting that the conduction band minima are the same for the two different SiO layers.
8,22-24)
Furthermore, we calculated the electronic structure corresponding to each peak shown in Fig. 5(b) using the SCAT code. SiH 3 OSiH 3 clusters with bond angles of 144 and 180°w ere used to represent the first-and third-layer oxygen atom sites, respectively. The present normal incident geometry is sensitive to the transition from the O 1s orbital to the in-plane O 2p orbital. Here, molecular orbitals with considerable contribution of the in-plane O 2p orbital are selected. Molecular orbital 3 expands in the h11 " 20i direction and corresponds to the £-peak. Molecular orbitals 2 and (4+5) expand in the surface-parallel direction around the third-layer oxygen atom. Thus, they are attributed to the ¢-and ¤-peaks.
Tanaka et al. calculated the density of states for ¡-quartz having 144°Si-O-Si bonds and for ¢-cristobalite having 180°Si-O-Si bonds. 25) Qualitatively, the present cluster calculation results are in agreement with theirs. Since the epitaxial SiON thin film is a complex structure of ¡-quartz and ¢-cristobalite, a crystal long-range order does not exist. This seems to be the reason why the result of the simulation using small clusters qualitatively explains the site-resolved XAS data.
Tridymite and cristobalite are stable phases in the temperature range of 1000-1700°C. The epitaxial SiON thin film was grown on a SiC substrate at a temperature of 1350°C. Thus, it is natural to have 180°Si-O-Si bonds on such a surface. However, the distance between neighboring N atoms is about 0.3 nm, which is too small for the further tridymite crystal growth, but sufficient for the 144°Si-O-Si bonds to terminate the surface. The resulting the epitaxial SiON thin film has no dangling bonds and have a low strain, which are the origin of the epitaxial SiON thin-film stability on this surface.
Conclusions
In summary, we measured photoelectron diffraction patterns and X-ray absorption spectra of the SiON thin film epitaxially grown on a SiC(0001) 4°off substrate preferentially terminated by one kind of terrace. The observed N 1s PIAD was similar to the C 1s PIAD, but mirror-symmetric. This observation is a strong indication of N atoms replacing C atoms in the outermost stacking fault layer and forming an abrupt SiON interface. Furthermore, we detected 180 and 144°Si-O-Si bonds in the O 1s CDAD and O KLL AIAD patterns. Finally, we succeeded in resolving O K-edge XAS for different oxygen atomic sites. The present photoelectron diffraction approach was shown to be useful for characterizing buried interface defect atomic and electronic structures.
